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CHAPTER 1. INTRODUCTION 
This thesis details the first measurement of the hyperfine splitting in the B meson 
system at the Large Electron Positron (LEP) collider at the European center for 
particle physics research (CERN) using the DELPHI detector (DEtector with Lepton, 
Photon and Hadron Identification). A measurement of the relative cross section of 
B* to Z° —» bb decays, crs./a/o_(,5, at the Z° resonance is also presented. The 
LEP measurements for these values represent the only results away from the T(45) 
energy scale and are the first results in the b quark hadron spectroscopy program at 
DELPHI. 
The quark model assignment for the B meson and the first excited state, B', 
are 0" and 1", respectively. Since the level splitting between the two is less than 
the TT mass the B* decays electromagnetically [1, 2, 3]. Given the assignments 
for the two states, the B' B + j decay is classified as a magnetic dipole transi­
tion. The transition photon as viewed from the B rest frame has an energy roughly 
equivalent to the B* — B mass difference since the splitting is small compared to the 
B mass. The previous measurements on this system were performed near the T(45) 
resonance where the T(4s) decays into a pair of B mesons that are nearly at rest in 
the laboratory frame. Under these conditions one expects the photons from B* to 
B transitions to form an emission line in the inclusive photon spectrum. Figure 1.1 
2 
[1] shows the inclusive photon spectrum in the region of interest at the T(45) for the 
first observation of the excited B state and Figure 1.2 shows the photon spectrum 
at the T(5s) [2]. The signals are smeared due to detector resolution. Doppler 
broadening also occurs since the B mesons are not actually at rest in the labora­
tory frame. Figures 1.1 and 1.2 have been included as testimony to the challenge of 
making this measurement. 
The experimental conditions at LEP are quite different from those near the 
T(45). At LEP, electrons and positrons collide to produce Z° bosons that are at rest 
in the laboratory frame. The Z° subsequently decays into a pair of fermions. The 
b quarks produced in a Z° decay form b hadrons that have a typical momentum of 
32 GeV/c, therefore, the transition photon from the hyperfine splitting is boosted and 
results in a laboratory energy spectrum that extends to nearly 800 MeV. In order to 
observe the B* and thus determine the hyperfine splitting in the B meson sector at 
LEP, the B meson momentum must be reconstructed. 
The Heavy Hadron 
Hadrons are composed of quarks combined in such a way that the final state 
has no color charge and only integer valued electronic charge. In the simple quark 
model, mesons are the hadronic systems composed of a quark and an antiquark, qiq2, 
and the baryons are made up of three quarks, qiq2<l3- The six quarks that appear in 
n a t u r e  h a v e  d i f f e r e n t  m a s s e s  ( s e e  T a b l e  1 . 1 ) .  T h e  u p ,  d o w n  a n d  s t r a n g e  q u a r k s  { u , d  
and s) are considerably less massive than the charm, beauty and top quarks (c, b and 
t). The former will be referred to as light quarks, designated q, the latter as heavy 
quarks, Q. 
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Figure 1.1: This figure has been adapted from reference [1]. (a) Inclusive photon 
spectrum in hadronic events at T(4s). (d) Background-subtracted pho­
ton signal from (a). 
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Figure 1.2: This figure has been adapted from reference [2]. (a) Inclusive photon 
spectrum for all events at the T(5s) and (b) for electron tagged events. 
The solid lines are the fits to the background photon spectra. 
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Table 1.1: Estimates of the quark masses [4]. 
Approximate quark masses 
quark flavor "free"-quark mass constituent-quark mass 
up (u) 7 MeVIc^ 330 MeV/c^ 
down ( d )  15 MeVIc^ 330 MeVIc^ 
strange (5) 200 MeVIc^ 500 MeVIc" 
charm (c) 1.3 GeV/c^ 1.5 GeVlc^ 
beauty (6) 4.8 GeVIc^ 5 GeVIc" 
top { t )  174 GtVIc^ NA 
Quantum chromodynamics, QCD, is believed to properly describe the color in­
teractions between quarks but predictions based on QCD calculations remain an 
issue. In hadronic systems that have large binding energies compared with the quark 
masses, QCD is unreliable in its perturbative form. Hadrons formed of light quarks 
fall into this category and are only understood within the framework of dynamical 
models. In hadronic systems that contain a single heavy quark, such as the B meson, 
the binding energy is small compared to the heavy quark mass. In this situation, it is 
appropriate to take the limit TTIQ —» GO in QCD and expand in powers of . The 
result is an effective heavy quark theory, HQET, that follows directly from QCD. 
The heavy hadron system is analogous to the atomic system. The heavy quark's role 
is similar to that of the nucleus and the light quark similar to that of an atomic elec­
tron. Hyperfine splitting in atomic systems is due to the interaction of the nuclear 
magnetic moment with the magnetic field produced by the atomic electrons. Simi­
larly, the hyperfine splitting in the B meson system occurs because of the orientation 
of the 6 quark spin. 
The heavy quark lagrangian, £Q, that emerges from HQET can be written as 
6 
[5] 
Cq = WH -
^TTIq 
a2(/i)^^<«W'"'Cr^ft(«) + 0(mQ2) . (1.1) 
where is the heavy quark wavefunction in the Dirac representation, D is the 
covariant derivative, are the Pauli spin matrices, is the gluon field and 
color index matrix. The first term in Equation 1.1 is the lagrangian that is obtained 
from QCD in the TUQ —» oo limit. The two terms following it are the corrections 
to it. Both correction terms break the heavy flavor symmetry of the infinite heavy 
quark mass lagrangian by virtue of the ttiq^ expansion coefficients. These terms have 
a simple physical origin. The second term is just the kinetic energy of the heavy quark 
with respect to the light degrees of freedom. The third term is the energy splitting 
that results from the interaction of the heavy quark chromomagnetic moment with 
the magnetic field produced by the light degrees of freedom. Both terms influence the 
hadronic masses but the third is responsible for the hyperfine splitting. The factor 
a2(/i) arises because the operator requires normalization. The 
factor a2(^) can be expressed in leading logarithmic approximation as 
otsimq) 
a2{ii) = 
9/ {33-2Nf)  
(1.2) 
where Nj is the number of quark flavors (4) whose mass is less than that of the b 
quark and subsequently enter into the loop correction calculations on shell. It is 
convenient to introduce the dimensionless quantities Kq{P^'^^) and Gq{P^'^^) that 
take this into account [5]. For hadronic states normalized to unity one can 
define 
tuq 2 
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and 
Gq{P^'^^) = . (1.4) 
TTIQ 4 
The matrix elements in Equations 1.3 and 1.4 are evaluated in the m q  —> oo limit 
and are therefore independent of the heavy quark masses - the coefficients contain 
the dependence of the finite heavy quark mass. Neglecting contributions from higher 
order corrections, the masses of the first two heavy flavored meson states can be 
expressed as 
= mQ + K{P^^^) + + mQCgiP^'^^) (1.5) 
and 
M(P-W)) = mQ + A(P(<5)) + mQKqiP^'^^) - ^mQGQ(P(^)) . (1.6) 
o 
In Equations 1.5 and 1.6 A{P^'^^) is the positive contribution to the heavy meson 
mass that is independent of mq and comes from the part of the QCD hamiltonian 
involving only the light degrees of freedom. 
One can now write the expression for the mass difference due to the hyperfine 
interaction in the B meson sector as 
M { B ' ) - M { B )  =  - ^ m b G { B )  .  (1.7) 
o 
A similar expression holds for the D  mesons as well and given the relationships 
derived above one can use the measured hyperfine splitting in the D meson sector to 
predict the splitting in the B system as 
M ( B - ) - M { B )  =  ( ^ )  
o;3(mc) 
\mbJ 
^ 50 MeVlc^ . 
{ M { D ' ) - M { D ) )  (1.8) 
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This prediction is in agreement with experimental results. 
The hyperfine splitting of 50 MeV in the B system is two orders of magnitude 
smaller than the B meson mass and is three orders of magnitude lower than the 
91.6 GeV center of mass energy at LEP. This would suggest that the primary pro­
duction ratio of B' to B mesons will be determined by the ratio of the degrees of 
freedom available to each system (equipartition). The B* meson is a vector par­
ticle and has three possible spin orientations while the B meson is a pseudoscalar 
or spin singlet. Based on simple spin counting, one would expect the production 
ratio of primary B* mesons to B mesons to be 3:1. The assumption here is that 
the hadronization process from which the mesons emerge does not selectively fill the 
different helicity states of the B' meson. 
A measurement of the cross section ratio of B' mesons to Z° bb events, 
/<^z°-^bbi LEP is only partially dependent on the simple spin counting argument. 
First, the cross section ratio of B mesons to bb events, <7b/cz°-.66) not equal to 
two but is diluted by b baryon production. It is believed that roughly 10% of the b 
quarks hadronize to form 6 baryons [6], that is 
~ S ^ 1 . 8 .  ( 1 . 9 )  
The simple spin counting argument combined with the effects of b baryon production 
leads to an estimate for the cross section ratio of 
—-— • fracaB'UB = —— = 1-8 = 1.35 . (1-10) 
(^Z°—^bb ^Z°-'bb 
Second, the B" cross section includes not only the primary B* mesons but also those 
that are in the decay sequence of higher order B meson states, S, produced at LEP. 
A recent measurement at DELPHI [7] suggests that the cross section for higher order 
9 
states is relatively large. In that measurement it was determined that 32 ± 7 % of 
the b quark events have a B" meson in them. The B* cross section can be written 
as 
where /jg. is the fraction of B meson states that have a B* meson in the decay 
chain. So the cross section ratio is not only dependent on the simple spin 
counting picture, but is dependent on b baryon production, higher order B meson 
production, and the branching fractions of B states to B* mesons - none of which 
are measured. 
CTfi. pr imory  secondary 
CTb' . + /B* • Cs pr imory  (1.11) 
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CHAPTER 2. THE EXPERIMENT 
This chapter is divided into two sections. The first is a brief description of the 
LEP project with emphasis on LEP collider details. The second section is an overview 
of the DELPHI detector with detailed descriptions of the components relevant to this 
analysis. 
The LEP Project 
The primary objective of the first phase of the LEP project is to test the validity 
of the modern electro-weak theory or Standard Model at the energy scale. The 
LEP collider was designed to deliver 17,000 Z° vector bosons per running day at each 
of the four experimental sites located on the LEP ring to allow precision measure­
ments of the Z° properties, the investigation of rare decay modes, the determination 
of the number of light neutrino families, studies of the processes in the production of 
hadronic final states, and discovery of new phenomena. Since LEP startup in 1989, 
the collider has operated near the resonance, 91.2 GeV, at typical luminosities of 
1 X 10^^cm~^5~^. In the future, the machine will move into an unexplored energy 
regime near the pair production threshold which will allow further testing of the 
Standard Model (e.g. the mass and the Z°W'^W~ coupling). 
The following section gives a brief description of the LEP machine and an outline 
11 
of the steps necessary to create the Z° bosons. 
The LEP Collider 
The LEP collider is the largest scientific instrument ever built. The circumfer­
ence of the collider and the tunnel that houses it is 27 kilometers. The tunnel varies 
in depth from 50 to 150 meters below the European countryside at the Franco-Swiss 
border near Geneva. The LEP collider accelerates counter-rotating beams of elec­
trons, e~, and positrons, e"*", in a single ring. The beams are made to intersect, or 
collide, at predetermined coordinates for subsequent study. The shape of the LEP 
ring is octagonal, composed of eight straight sections alternated with eight arcs. The 
ring, whose volume is 188 m^, is the world's largest ultra-high vacuum chamber. The 
total power consumption of LEP is roughly 320 MW for a beam energy near 45 GeV. 
LEP Structure The beams in the LEP ring are composed of discrete 
bunches of electrons and positrons (4 bunches of each in 1991-92, 8 bunches in 1993). 
Each bunch is 5 cm in length and 3 mm high and wide for most of its trajectory in 
the LEP ring. In the regions where the bunches collide with each other the transverse 
dimensions are 'squeezed' in order to increase the chances of an interesting collision. 
The bunches are steered through the LEP ring using 3392 dipole magnets. 
Each dipole magnet is 5.75m long and has a maximum magnetic field of 0.11 T. 
These magnets are located in the curved sections of the LEP ring. 
In order to maintain the bunches, LEP focuses the beams with 860 quadrupole 
magnets, most of them located at regular intervals of 39.5 m in the middle of the 
arcs. Each quadrupole has a magnetic length of 1.6 m and a maximum gradient of 
12 
9.7 Tm'^. In the long straight sections, the magnets are stronger. The quadrupole 
magnets occur in pairs that are rotated 90° relative to one another. One magnet 
focuses the beam in a horizontal direction while defocusing it laterally; the second 
does just the opposite. The net effect of the quadrupole pair is one of focusing. 
Longitudinal spreading of the bunches also occurs due to slightly different ener­
gies for each of the particles in the bunch. The different energies result in different 
orbits for the particles within a given bunch. The energy spread between the parti­
cles in each bunch is minimized by using 520 sextupole magnets installed near the 
quadrupoles. 
The LEP ring is also an accelerator. The electrons that are injected into the 
LEP ring have an energy of 20 GeV which is 25.6 GeV less than the nominal energy 
of 45.6 GeV. The electrons lose energy due to synchrotron radiation. The energy loss 
per particle per turn due to synchrotron radiation is 
AE = -8.85 X  • — • (2.1) 
Synchrotron radiation losses at LEP occur at a rate of 2.4 Miy (for 2 beams at 
45.6 GeV with 8 bunches each) which corresponds to a loss of 260 MeV per particle 
per turn in the LEP ring (the radius, r, used in this calculation is that of the curved 
sections at LEP and not the LEP ring radius). The forces required to accelerate the 
electrons to their nominal value and keep them there are delivered by a linear accel­
erating structure that consists of 128 coupled radio frequency (RF) cavities powered 
by 16 klystrons. This structure is divided into two identical systems that are located 
opposite each other on the ring. The total length of each system is 272 meters. A 
maximum accelerating gradient of 1.47 MVm~^ can be obtained which results in a 
maximum gain of 397 MeV in energy per particle per turn in the LEP ring. 
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Coming Up to Speed The electrons and positrons used in the LEP ring are 
prepared by four other accelerators in several successive steps (Figure 2.1). The 
first step is to produce the electrons and positrons. An electron gun is used to 
produce 10 MeV electrons. Producing positrons requires a little more work. The LEP 
Injection Linac (LIL) is a two-stage linear collider whose first stage is used to produce 
the positrons. The first-stage of LIL accelerates 10 MeV electrons to 200 MeV and 
steers them into a high Z target. Positrons emerge via pair-production on the opposite 
side. The average energy for these positrons is 10 MeV. The second stage of LIL 
accelerates the positrons from the first-stage of LIL and 10 MeV electrons generated 
by an electron gun from 10 MeV to 600 MeV. The Electron Positron Accumulator 
(EPA) accepts the 600 MeV particles from the LIL and stacks them until there are 
enough charged particles for a beam. In the next step, the beams in the EPA are fed 
into the Proton Synchrotron (PS) for acceleration up to 3.5 GeV. From the PS they 
are passed to the Super Proton Synchrotron (SPS). The SPS accelerates the particles 
to 20 GeV and injects them into the LEP collider. New beams can be injected into 
the LEP collider in about 12 minutes. 
The last step of the accelerating process occurs in the LEP machine. As men­
tioned above, the RF cavities are used not only to supply the energy lost to syn­
chrotron radiation, but to boost the electrons and positrons from 20 GeV to 45.6 GeV 
after injection. The acceleration phase in LEP lasts 20 minutes. The total time re­
quired to prepare a beam for physics at LEP is 32 minutes. The beams are typically 
used to produce physics for 12 hours before new bunches need to be injected. The 
luminosity at the beginning of a physics run at LEP is typically 10^^ and 
gradually decreases due to beam-beam interactions, synchrotron radiation and inter-
14 
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Figure 2.1: The schematic view of the LEP injection system, which includes the two 
stage LEP Injector Linacs (LIL), the Electron Positron Accumulator 
(EPA), the Proton Synchrotron (PS), the Super Proton Synchrotron 
(SPS) and the LEP ring itself. The 10 MeV electron gun close to the 
e~ —> e""" converter is not shown. 
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actions of the beam with residual particles in the evacuated LEP beam pipe. 
Physics Parameters At four points on the LEP ring, the beams can be made 
to produce head-on collisions between electrons and positrons. These locations are 
equipped with particle detectors (ALEPH, OPAL, L3 and DELPHI) for studying the 
results of these collisions. The two parameters that are important to the physicist 
are the center of mass energy, y/s^ and the integrated luminosity, C. 
The total number of observed events produced at LEP, n, can be expressed by 
the equation 
n  =  a - C .  (2.2) 
The number of events is dependent on the cross section, a, for the process 
e"^ + e~ —> 7 —> anything . 
This cross section is dependent on s and has a resonant peak at the Z° mass where 
the intermediate Z° boson state is enhanced by a factor of 1000 over the photon 
contribution which falls as 1/s (Figure 2.2). The center of mass energy for an e'^e~ 
storage ring such as LEP is just twice the beam energy, 
\/s = 2 • Eheam , (2.3) 
since the two beams have equal energy and circulate in opposite directions. 
The integrated luminosity can be expressed in terms of machine specific param­
eters, 
^  N - - N + - k - f  
C = — , 2.4 
ATT -(Tx-a-y 
where is the number of particles in each of the bunches (~ 6 x 10^°), k is the 
number of bunches in each beam (A: = 4 in 1991 and 1992, k — 8 m 1993), / is the 
16 
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Figure 2.2: Cross-section for e'^'e" —> hadrons as a function of The num­
ber of events/day expected for a typical luminosity of 10^^cm~^s~^ is 
indicated on the right axis. The dotted line represents the electromag­
netic (point-like) cross-section. The solid line represents the electroweak 
cross-section. The dot-dash line represents the electroweak cross-section 
less the contribution from VK+W". Adapted from [8]. 
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revolution frequency (11 k H z ) ,  and cT X and cXy are the horizontal and vertical widths 
for an assumed gaussian beam profile. The luminosity can be increased in two ways. 
The first is to increase the current, /, in each beam. The current is given by the 
expression 
I  =  N - k - f - q , ,  (2.5) 
where qe is the elementary electronic charge. The beam current at LEP has steadily 
increased since start-up. Synchrotron radiation and beam-beam interactions limit 
the number of particles in each bunch, so LEP moved to an eight-on-eight bunch 
configuration to further increase the luminosity. Typical currents are \.2mA with 
peak values above 1.6 mA. Another method to increase the luminosity is to de­
crease the beam profile, and (7y. LEP utilizes superconducting quadrupole focus-
ing/defocusing magnet pairs on either side of the interaction regions occupied by a 
detector to bring the lateral spread in the beam from 3 mm to 140 iim in x and 7 fim 
in y at the intersection points. The typical luminosity at LEP is 10^^ cm~'^s~^. 
The DELPHI Detector 
DELPHI is one of four general purpose iir detectors in the LEP program and 
is located in a cavern 100 m underground near the French village of Ferney-Voltaire. 
DELPHI consists of a cylindrical "barrel" section and two endcaps (Figure 2.3). 
When the endcaps are closed, the system is self-shielding, allowing access to the 
cavern during beam operations. The DELPHI support hardware and electronics is 
housed in three and four-story huts that are attached to the detector. The endcaps, 
along with their huts, can be independently moved away from the barrel in order 
to gain access to any of the 13 DELPHI subdetectors. The main control center 
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Figure 2.3: The schematic view of the DELPHI detector: vertex detector(VD), inner 
detector(ID), time projection chamber(TPC), ring imaging Cherenkov 
counter(RICH), outer detector(OD), high-density projection cham-
ber(HPC), superconducting solenoid, time of flight scintilators(TOF), 
hadron calorimeter(HAC), muon chambers(BMU and FMU respec­
tively) forward drift chambers(FCA and FCB respectively), small angle 
tagger(SAT), forward electromagnetic calorimeter(FEMC), scintilators. 
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for DELPHI is on the surface, directly above the cavern. Communication and data 
transfer between the detector and control center are accomplished via ethernet and an 
optical data link. A complete description of the DELPHI detector has been published 
[9, 10]. 
The following sections describe the components of the DELPHI detector relevant 
to this analysis. The components can be seen in a cut-away view of DELPHI in Figure 
2.3 with detailed cross sections in Figures 2.4 and 2.5. 
A right handed coordinate system used to describe the detector has the z axis 
parallel to the beampipe with the same direction as the flow of electrons, the y axis 
points up, and the origin is at the center of detector where the collisions occur. In 
cylindrical coordinates, the radius, r, is the perpendicular distance from the ^ axis, 
the (j) plane is perpendicular to the z axis, and 0 is defined as arctan (r/z). 
The Solenoid 
The magnetic field in the DELPHI detector is produced by the world's largest 
superconducting coil. The coil is housed in a cylindrical shell cryostat that has 
a diameter of 5.2 m and a length of 7.4 m. A field of 1.2 T is produced by a single 
conductor layer carrying 5000 A. Field homogeneity at the ends is achieved using two 
35 cm sections of a second superconducting layer located at the ends of the solenoid. 
A forced flow of liquid helium at 4.5° K keeps the coil below the critical temperature. 
The Tracking Chambers 
Several independent tracking devices are used in the DELPHI detector. Each of 
these devices is optimized for specific tasks that enhance the overall performance of 
20 
Immv/ 
Figure 2.4: Schematic view of the DELPHI detector perpendicular to the beam pipe. 
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Figure 2.5; Schematic view of the DELPHI detector along the beam pipe. 
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the detector. Combining the tracking information is essential for triggering, vertex 
and pattern reconstruction, and in particular for high momentum resolution. The 
tracking components are aligned using data from cosmic rays and Z° events. Com­
bining the information from the DELPHI tracking detectors results in a momentum 
resolution of 
^ = 0.0015 • (2.6) 
p IGeV/c 
in the angular region 35° < 9 < 145°. The following sections describe the tracking 
devices in detail. The order in which they will be described is based on their proximity 
to the interaction region. 
The Vertex Detector The DELPHI Vertex Detector, VD, is a solid state 
detector that exploits the properties of silicon based rectifiers. Minimum ionizing 
particles penetrate the detector and liberate charges in the depletion region and the 
internal electric field drifts them away to produce a detectable current. The VD is 
composed of of three concentric shells of Si-strip detectors. Each one is parallel to the 
beampipe and centered about the interaction region. The two outer shells are 24 cm 
in length and have radii of 9 and 11cm. The inner shell is 21cm in length and has 
a radius of 6.3 cm. The vertex detector covers the polar region 30° < 6 < 150° and 
provides the best r<j) resolution for charged tracks that originate near the interaction 
region. 
Each shell consists of 24 modules with 10% overlap between modules in (j). Each 
module is comprised of four detectors in z with strips parallel to the beam. The 
modules are ac coupled over their entire length. The detectors and preamps are 
mounted on supports at the outer ends and can be positioned in situ on rails that are 
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fixed to the next outermost detector. The entire device is water cooled for thermal 
stability. The vertex detector has a thickness of 1.6% of a radiation length. 
Careful alignment is needed in order to gain the high precision needed for vertex 
reconstruction. The inherent resolution of the device is 7/im. Relative alignment 
of the modules is started with a survey before installation that has an accuracy of 
roughly lO/zm in three dimensions. The final alignment is a result of many measure­
ments on high momentum tracks. Internal alignment is monitored by tracks that 
pass through the 10% overlap regions in <i>. The result of the alignment is an impact 
parameter resolution, (Timpact, of 
^PtllLvjc ® 24) Mm , (2.7) 
where the impact parameter is defined as the distance of closest approach for a track 
extrapolation to the interaction point. 
The Inner Detector The Inner Detector (ID) is one of several gaseous de­
tectors in DELPHI that rely on electromagnetic interactions (ionization losses) of 
charged particles that traverse its volume. The ID provides fast trigger information 
and high redundancy for vertex reconstruction. The ID consists of two concentric 
layers. The inner layer is a drift chamber that has a jet-chamber geometry capable 
of giving 24 r(?!i-points per track, each with a resolution of 90 fim. The outer layer 
consists of 5 cylindrical MWPC layers with 192 wires and circular cathode strips. 
The wires provide the trigger information and resolve left/right ambiguities from the 
inner jet section. The strips contribute 2 information which is also included in the 
trigger. 
The jet chamber has 24 sections in (f) and covers the polar angular region between 
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17° < 0 < 163°. This chamber is a cylindrical shell with an inner radius of 12cm 
and outer radius of 22 cm. The information from this chamber alone can be used to 
reconstruct charged tracks up to a transverse momentum of 5 GeVjc. 
The outer layer of the ID covers an angular region between 30° < 0 < 150°. This 
chamber is a cylindrical shell with an inner radius of 23 cm and an outer radius of 
28 cm. The overall resolution in 2 for this layer is 250 fim. Combined with the jet 
section, the ID is capable of resolving two tracks with a track separation of 1 mm in 
r<f> or 1 cm in z. The momentum resolution for the ID is 
^ = 0.2 • (2.8) 
Pt  1 GeV/c 
The Time Projection Chamber The Time Projection Chamber (TPC) is 
the main tracking device in DELPHI. It consists of a pair of cylindrical shell drift 
chambers that are situated end to end. The pair extends from —150 to 150 cm in 
2. Each has an inner radius of 30 cm and an outer radius of 120 cm. Each side is 
segmented into six azimuthal sectors in (j) with the read out electronics housed on 
each endcap. 
The drift volume in the TPC is filled with an argon/methane gas mixture 
(80%/20%) and is operated at atmospheric pressure and room temperature. Charged 
tracks that traverse the volume leave an ionization trail that is drifted to the endcaps 
by an electric field in the TPC. The electric field in the TPC is aligned with the DEL­
PHI magnetic field so E x B forces vanish, making it possible to drift the ionization 
electrons over large distances while limiting diffusion broadening of the track image 
at the endcaps. Each sector of the endcaps is equipped with a gating grid, 192 anode 
wires, and 1680 cathode pads arranged in 16 circular pad rows. Depending on the 
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energy of the incoming charged particle, up to 16 three-dimensional space points can 
be assigned to a track and the ionization losses can be sampled up to 192 times with 
a relative uncertainty of 6%. The spatial resolution for the device is 250 fitn in the 
r<f) plane. The z coordinate is obtained from the arrival time of the signal relative to 
the beam cross over signal (BCO). The resolution obtained in the z direction is less 
than 900 fim. The TPC is capable of resolving two tracks with a track separation of 
at least 1.5 cm. 
The Outer Detector The Outer detector (OD) is a 5 layer drift chamber that 
provides fast trigger information in both r<j> and 2 and is a key component in precise 
momentum reconstruction at DELPHI. Due to the large lever arm that its tracking 
points provide, the momentum resolution for fast charged tracks is enhanced by a 
factor of five when compared with tracks that have been measured only by the TPC. 
The inner radius of the chamber is at 198 cm and an outer radius of 206 cm. The 
OD is composed of 24 modules mounted in front of the electromagnetic calorimeter 
and covers the angular region of 42° < 6 < 137°. The modules are staggered to 
produce overlap between adjacent modules, resulting in full azimuthal coverage. The 
drift tubes are operated in streamer mode. All layers provide r(f) information with a 
resolution of 110/im; three of them provide fast 2 information by relative timing of 
signals from both ends with 2 cm resolution. 
The Calorimeters 
DELPHI barrel calorimetry utilizes two independent gas sampling devices, one 
for measuring electromagnetic energy and the other for measuring hadronic energy. 
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The High-density Projection Chamber (HPC) is the primary device for identifying 
and separating electromagnetic showers. The Hadron CALorimeter (HCAL) is in­
corporated in the magnetic return yoke and is used to measure the hadronic energy 
deposition. 
The High Density Projection Chamber The HPC is an application of the 
time projection principle to calorimetry. It measures the three-dimensional charge 
distribution in electromagnetic showers with high granularity. The HPC information 
separates electromagnetic showers from hadron showers and minimum ionizing par­
ticles (MIPs) and even reconstructs 7r°'s in the complex event topologies encountered 
at LEP. 
The HPC consists of 144 TPC's (6 rings of 24 modules) and occupies the barrel 
volume from 208 < r < 260 cm and —245 < z < 245 cm, which corresponds to the 
angular region 43° < 0 < 137°. The gaps between the modules are 1 cm in 2 and </>, 
except for a gap of 7.5 cm at cosO = 0 due to DELPHI structural supports. 
Photons and electrons are intercepted by 41 planes of lead in the HPC (over 
18 radiation lenghts) and subsequently deposit their energy in the HPC detector 
gas volume. Fast information is obtained by a layer of scintillators in each module. 
The HPC uses the lead converter layers to produce an electric field along the drift 
channels (between the lead layers). The converter layers are composed of insulated 
lead wires. A drift field of 100 V/cm is obtained in the 2-direction with a voltage 
gradient between neighboring wires in the converter layers. The ionization charge of 
showers and tracks is drifted to proportional wire chambers at the end of each HPC 
module. The HPC drift field and the DELPHI magnetic field are aligned parallel in 
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order to minimize the lateral diffusion of the drifting charges. The proportional wire 
chambers use pad readout. The pad sizes and patterns determine the reconstruction 
granularity in r and (j>. The drift coordinate 2 is obtained by digitizing the amplified 
ionization charge in 248 time buckets across the full length of each module. The 
angular resolutions are 
a^ = 15 mrad (2-9) 
and 
CTj = 5 mm , (2.10) 
as determined from Bhabha events. The measured angular resolution of the HPC 
alone (no vertex constraints) is [9] 
ae = mrad (2.11) 
and 
cr^= ® mrad . (2.12) 
The measured energy resolution for the HPC is [10] 
where the first term is due to statistical shower fluctuations and the second term is 
due to non-stochastic processes such as shower leakage, calibration accuracy between 
channels and electronic noise. 
The Hadron Calorimeter The HCAL is segmented into 24 sectors, each 
consisting of 20 layers of 2 cm thick limited streamer mode tubes interleaved with 
5 cm iron plates. The sectors are arranged azimuthally in a single ring. The modules 
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are offset by 7.5° in (t> with respect to the HPC to achieve optimal solid angle coverage 
for combined calorimetry. The barrel HCAL covers the polar angles 43° < 6 < 137°, 
has an inner radius of 320 cm and an outer radius of nearly 490 cm. Embedded behind 
the first 90 cm of iron inside the HCAL are the muon chambers which occupy 30 cm 
in r. 
Copper clad readout boards are segmented into pads used to measure the streamer 
charges. The pads are shaped to form towers pointing to the interaction region. Each 
tower covers an angular region of Acj) = 3.75° and A6 = 2.96°. A fast discrimination 
is performed on a group of 4 x 4 towers (supertowers) and logical combinations of the 
signals from the supertowers are made available for triggering. The energy resolution 
of the HCAL in the barrel region is [10] 
f = ( ^ e 0 . 2 l ) % ,  ( 2 . 1 4 )  
where the constant term is due to the material between the hadron calorimeter and 
the HPC and other non-stochastic processes while the other term is the effect of 
statistical shower fluctuations. 
The Online System 
The DELPHI detector is monitored and controlled by several computers. These 
computers are clustered and form the DELPHI online system. The online system per­
forms four different tasks: gas system control, slow controls, triggering control and 
data acquisition control. Most of the detectors in DELPHI have specific gas require­
ments. These requirements are maintained by a central gas system that monitors the 
quality, rates and mixture levels supplied to the various systems. This system also 
monitors for gas leaks and conditions, such as smoke or fire, that may require some 
29 
level of intervention. The DELPHI slow control system is the main control facility for 
the detector and its components during physics periods. This system also reports the 
parameters of the various detectors that change slowly compared to the trigger rate, 
such as temperature, pressure, voltage settings, etc.. In the following two sections, 
the trigger and the data acquisition system will be discussed in more detail. 
The Trigger There are approximately 12 decays in the DELPHI detector 
for every minute of beam in LEP. There are roughly 5,500,000 bunch crossings 
during that same minute for the eight-on-eight configuration. The trigger system is 
designed to identify the potentially interesting events for read-out and to recognize 
uninteresting events so the detector can be reset. The trigger is an hierarchy of 
decision processes that not only decides whether to accept an event but also indicates 
how the event satisfied the trigger requirements. The trigger layers (Tl, T2, T3, T4) 
differ in speed and performance in order to accomplish the overall trigger task. 
The Tl trigger layer uses only information from detector components that are 
fast (i.e. ID, OD and scintillation counters in various subdetectors). The Tl trigger 
decision is made within 3/z5 after the Beam Cross Over (BCO). If the Tl decision 
is negative, the front end electronics can be reset in preparation for the next BCO 
BCOs occur every 11 /Z5 at LEP in the eight-on-eight configuration. If the Tl decision 
is positive, the T2 trigger layer is asked to make a decision within the next 36/zs. 
The time required for the T2 decision is dictated primarily by the 23 /zs required to 
drift out all the charge in the TPC tracking volume. A positive Tl decision results 
in a loss of three BCOs. If the T2 decision is positive, the front end buffers (FEBs) 
of the individual detector components are read out. A positive T2 decision results 
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in a 3.1 m5 deadtime required to free the front end of the detectors and prepare 
for the next BCO. The T3 and T4 layers are software filters that are asynchronous 
with the BCO and are carried out during the transfer of the event data to different 
storage buffers. There is no detector deadtime introduced by the T3 and T4 layers. 
Tracks and showers are reconstructed for further scrutiny of the events under these 
layers. The decisions made by T3 and T4 minimize the amount of raw data written 
to magnetic tape. 
The Data Acquisition System The process of taking, retrieving and storing 
DELPHI event data is controlled by the data acquisition system (DAS) using the 
FASTBUS standard. The DAS is divided into three main phases that are separated 
by data buffers. 
The first phase is hardware controlled and synchronous with the BCO. The 
primary task in this phase is to respond to the decisions made by the T1 and T2 
triggers. The DAS is responsible for the flow of information from the FEBs. When 
the decision is positive from T1 and T2, the DAS transfers the data to the next set 
of buffers, otherwise, the FEBs pointers are reset for the next BCO. 
The second phase is software controlled and is independent of the BCO. The 
transfer of data from the FEBs to the multi-event buffer (MEB) is accomplished in 
two steps that take 30 m5 to complete. First, the FEB data from each FASTBUS 
module are transfered to the crate event buffer by a FASTBUS intersegment process 
or FIP. Second, the data in the crate event buffers are transferred to the MEB for 
each detector and duplicated in the Spy Event Buffer (SEB) that is used for online 
data inspection. A set of FIPs called Local Event Supervisors (LESs) perform this 
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transfer of data at a rate of 20 Mbytefs. When the transfer is complete, the FEBs 
are reset. 
The third phase is also software controlled and involves the transfer of data from 
the various MEBs to the Global Event Buffer (GEB) in the central DAS VAX cluster. 
This task is managed by a single FIP called the Global Event Supervisor (GES). The 
GEB uses 2 Mbytes of RAM storage as an intermediate staging area before moving 
the data to magnetic tape. DELPHI places events on tape at a rate of 2 Hz. Typical 
file sizes for DELPHI events are 250 kbytes. 
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CHAPTER 3, EVENT SELECTION 
The data used in this analysis are from the 1991, 1992 and 1993 LEP running 
periods. Combining the statistics for the three periods results in an initial sample of 
6,112,398 events that have been written to magnetic tape. The sections that follow 
will discuss the different types of events that constitute that sample, the physical 
characteristics of the different types of events recorded, the criteria used to acquire 
a —> qq enriched sample, and the process by which the Z° bb content is 
enhanced for the analysis sample. 
The DELPHI data sample is composed of two major classes of events. The first 
class of events are not a result of head on e^e~ collisions and represent background 
to the events. The two types of events in this class are cosmic rays and beam-gas 
interactions. Although 100 m underground, the DELPHI detector has a cosmic ray 
rate of 1000 Hz passing through it. These events are easily identified since they do 
not originate from the primary interaction region and they are asynchronous with the 
BCO. The other type of background, beam-gas interactions, occur when a circulating 
electron or positron interacts with a gas particle residing in the LEP ring. These 
events are also easily identified since the products of these interactions are boosted 
into the very forward directions as low momentum, high multiplicity events which 
usually do not originate from the primary interaction region. 
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The second class of events are those that arise from e+e" interactions. These 
events originate from the primary interaction region. There are two competing 
physics processes in this class of events at LEP energies - those that have a single 
boson intermediate state, and two photon scattering. The single boson intermediate 
state cross section is a factor of 10^ greater than the two photon cross section. 
The two photon scattering events result in an e'^e~ pair and hadrons in the final 
state. These events are confined to a low transverse momentum regime (with respect 
to the beam axis) with low momentum tracks. Most of these events are never seen 
in the DELPHI detector. The invariant mass of the event is typically much smaller 
than the mass of the Z°, with a mean near AGeVjc^ [11]. 
The photon and the Z° interfere quantum mechanically in the single intermediate 
boson processes. The contribution due to each intermediate state on the e'^e~ cross 
section can be seen in Figure 2.2. At a center of mass energy near the Z° mass, 
the contribution of the Z° intermediate state is at a resonance and is enhanced by a 
factor of 10^ over the photon contribution. Regardless of the intermediate state, the 
invariant mass for these events is just twice the beam energy, or Z° mass. 
The events of interest to the present analysis are, of course, the Z° events. Of 
the 6 million events that have been written to tape, nearly 2 million of them are 
Z° decays. The events can be divided into two categories based on the decay 
mode - leptonic and hadronic. The charged leptonic decays are characterized by a 
very simple topology, usually just two tracks except in the case of r events (Figures 
3.1, 3.2 and 3.3). The hadronic decays are characterized by a large multiplicity of 
charged tracks (Figure 3.4) — typically 20 charged tracks per event. The quark an-
tiquark pairs initially produced in a hadronic decay are in rapid relative motion. 
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Due to the nature of the strong force, the separation of the primary quarks triggers 
an avalanche of radiated quarks and gluons (fragmentation) which cluster into color 
neutral hadrons (hadronization). The number of tracks in an event is further in­
creased by the cascade decays of unstable hadrons. There is no color in the leptonic 
Z° decays and only the r lepton has hadronic decay modes. On average, there are 
2.6 charged tracks per Z° —> event and this is the only source of background 
to the hadronic decays from the lepton sector. 
Track Selection 
The following criteria were used to select the tracks to be used in the rest of the 
analysis: 
1. The impact parameter (measured with respect to the nominal beam spot posi­
tion) must have an error smaller than 2 cm. 
2. The impact parameter as measured in the rcj) plane must be smaller than 5 cm. 
3. The impact parameter as measured in the rz plane must be smaller than 8 cm. 
4. The particle must have a momentum greater than 0.1 GeVjc. 
5. The measured track length must be greater than 30 cm. 
6. The first measured point of a track must be less than 37 cm from the beam 
axis. 
The first three requirements insure that each track can be reliably extrapolated back 
to the nominal interaction point. The last three requirements insure good momentum 
resolution for those tracks that have passed the extrapolation requirements. 
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DELPHI Interactive Analysis 
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Figure 3.1: An e"^e —> e'^e event. 
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Figure 3.2: An e'^e —> /^+/^ event. 
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Figure 3.3: An e'*'e r+r event. 
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Figure 3.4: An e^e —* qq event. 
Hadronic Selection 
This analysis will be restricted to the barrel region of the DELPHI detector to 
insure that VD information may be available for the tracks in each event. The vertex 
detector covers the angular region 30 < 0 < 150°. Tracking information from the 
vertex detector is critical to the task of identifying long lived particles, such as the 
B meson, in the congested hadronic events at LEP and will be discussed in more 
detail in the section following this one. Furthermore, in order to minimize the loss of 
information between the barrel detector components and the endcaps, a cut will be 
placed on the thrust axis of the event insuring that 45 < 6thrust < 135°. As result 
of the barrel selection criteria, the background from two photon processes is reduced 
to <C 0.1% [11] and will be neglected for the rest of the analysis. 
A criterion requiring at least five charged tracks in the final state reduces the 
background from the r events. A Monte Carlo estimate of the r background to the 
hadronic sample after applying this cut is 0.25%. The contamination due to r events 
will be neglected in this analysis. 
The cosmic events and the beam-gas events that happen to survive the track se­
lection and barrel requirements can be removed by loose quality cuts on the hadronic 
sample: 
1. a nominal reconstructed Z° mass {rrirec > 20GeV/c^) 
2. a substantial amount of reconstructed energy {Echarged > 20 GeV and Etotai > 
ZOGeV) 
3. momentum balance along the forward directions < 20 GeV/c). 
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Applying the complete hadronic selection scheme to the DELPHI data yields 
1,047,748 selected hadronic events. The efficiency for the hadronic selection criteria 
is 61% as calculated from the simulation sample and losses are dominated by the 
endcap fiducial losses. 
Beauty Enhancement 
The final state hadrons resulting from e'*'e~ collisions at DELPHI can be cat­
egorized in two ways for this analysis — those that are produced at the primary 
interaction point and those that are produced somewhere else. Those that are pro­
duced at the primary interaction point are either a direct result of the decay (via 
fragmentation and hadronization) or are decay products from very short lived parti­
cles that were generated at the primary interaction point (i.e. neutral pion, eta, rho). 
In events where only these possibilities actually occur, all tracks will be consistent 
with a single vertex. 
Production of hadrons away from the primary interaction point are the result of 
decays of longer lived particles. The mean distance that a given particle will travel, 
d, is given by 
d = 7/8cr , (3.1) 
where 7 is the particle's Lorentz dilation factor, is its velocity and r is the parti­
cle's proper lifetime. The point in space where the long lived particle decays is the 
production point for the decay particles and is displaced from the primary interaction 
point by d. In events where this occurs, there are two or more vertices — the primary 
vertex and secondary vertices. 
The secondary vertices can be either inside or outside the VD. Those that are 
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outside are not interesting in this analysis (i.e. decays of kaons, charged pions, 
lambdas, muons). Those that are inside include the decays of hadrons initially formed 
with either a c or 6 quark. The hadrons formed by these quarks have lifetimes of 1 
to 2 ps and mean flight distances, d, of 2 to 3 mm at LEP. 
The events that contain the heavy quarks can be selected based on a probability 
calculation. In this calculation, a search is made for a point which minimizes the 
impact parameters of all tracks in the event with respect to that point. Only tracks 
that have at least two associated VD hits are used, insuring that the extrapolation 
back towards the interaction region is reliable. Once the point that minimizes the 
impact parameters is found for each event, the probability that all the tracks came 
from that vertex is calculated. Those events that have secondary vertices inside the 
VD will be inconsistent with the single vertex hypothesis and have a low single vertex 
probability. Those events with the lowest probabilities are populated primarily with 
heavy quarks, b and c, since the r events were removed with the hadronic selection 
scheme. 
This enrichment algorithm does not treat the c and b hadrons evenhandedly. 
The inherent differences between the two quarks lead to different impact parameter 
distributions with the enrichment algorithm being most effective in isolating b quark 
events. Since the b quark is nearly three times as massive as the c quark there is 
more transverse momentum, calculated with respect the heavy hadron's direction, in 
the b quark decays. The two quarks travel similar distances before decaying so the 
impact parameters, as calculated with respect to the Z° production point, in b quark 
events are larger than for the primary c quarks. Another difference between events 
initiated with 6 or c quarks is the fact that the b quark decays predominantly into 
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a c quark insuring that there are more tracks associated with the displaced vertices 
in b events. Low values of the single vertex probability can be used to produce a 
sample of events enriched in b quark content and will be referred to as the b-tagging 
probability in the rest of the analysis. 
A plot of the efRciency versus purity for probabilities less than 5% can be seen 
in Figure 3.5 and are based on calculations on the simulation sample. The global 
behavior of the data and simulation sample for relative probability cuts can be seen 
in Figure 3.6. 
Selecting only those events where this probability is less than 5% results in an 
efficiency calculated from simulation of 75 ±4% and a purity of 66 ±3% for bb events 
[12]. The simulation also predicts that 50% of the background events are from c 
quark events, the rest from the lighter quark sector- This beauty enhanced sample 
consists of 282,576 events. The following chapter details the methods by which the 
B mesons are reconstructed in this sample and combined with converted photons to 
form the signal for B' 'yB at LEP. 
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Efficiency and purity for b-tagging probability cuts 
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Figure 3.5: The efficiency and purity of 66 events expected from simulation. The 
lightly shaded bar represents the efficiency for each b-tagging probability 
listed under it, the darker bars represent the 66 purity expected at each 
cut. 
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Figure 3.6: The global response of the data and simulation samples to the J5-tagging 
probability cut. The simulation is represented by bars, the data by 
points. The number of events that pass the cut listed below each point 
is normalized to the number of events that pass the 0.05 cut, which 
constitutes the initial analysis sample. 
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CHAPTER 4. ANALYSIS 
This chapter details measurements of the flavor averaged {u,d and s) hyperfine 
splitting for the B meson system and the cross-section ratio of 5* to Z —> 66 decays. 
The hyperfine splitting, AM(5* —B), can be expressed in laboratory frame variables 
as; 
AM(5*-5)^E^7b(1-;5cos0) , (4.1) 
where is the energy of the transition photon , 75 is the Lorentz dilation factor 
for the B meson (EbItub), is the normalized velocity of the B meson (vbIc), and 
0 is the space angle between the B meson and the transition photon. The signal for 
this transition will have a width dictated by the resolutions on these variables. Each 
measured variable contributes to the width with a different strength. The signal 
width is least dependent on the reconstructed B meson momentum resolution, is 
linearly dependent on the photon energy resolution, and is the most dependent on 
the space angle resolution between the B meson and the transition photon. 
The B mesons at LEP are produced with a range of energies that extend the 
energy spectrum of the B* transition photon to 800 MeV in the laboratory. Although 
these photons are higher in energy than those found in the previous measurements 
at the T(4s), they are in a challenging region for DELPHI. The HPC acceptance 
is not well understood in the energy regime where the transition photons reside. 
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making a meaningful cross-section measurement impossible. Due to statitical shower 
fluctuations, the photon energy resolution of the HPC goes as 33%/VE and this 
prohibits its use in producing a transition signal since the width of the signal is 
linearly dependent on this resolution. The HPC is not the only means of identifying 
photons in DELPHI. Roughly 7% of the photons in the events at DELPHI convert 
before they reach the HPC. One third of these convert prior to the TPC. The low 
energy electrons and positrons that emerge from the conversion of low energy photons 
are easily identified and well measured by the TPC as will be seen in the next section. 
In this analysis the B mesons will not be fully reconstructed, that is, the B 
meson momentum assignment will be made without reconstructing the actual decay 
sequence on an event by event basis. Instead, an inclusive B meson reconstruction 
technique is developed that relies only on the distinct kinematics of the B meson at 
the Z° pole and this technique will be described in detail in the second section. The 
inclusive reconstruction scheme was designed to avoid further reductions in statistics 
yet deliver the 4-momentum resolution needed to complement the converted photons 
in producing the transition signal. 
The last two sections of this chapter detail the analysis of the signal produced 
by combining the inclusively reconstructed B mesons with the converted photons. 
Converted Photon Reconstruction 
Photons that convert in front of the TPC are reconstructed by an analysis pack­
age that examines charged tracks reconstructed in the TPC. A complete description 
of the package is available [13j. A search is made for a point along each TPC track 
where the tangent of its trajectory points directly to the beam spot in the pro­
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jection. Under the assumption that the opening angle of the electron-positron pair 
is zero, this point represents a possible photon conversion point at radius r. All 
tracks which have a solution r that is more than one standard deviation away from 
the main vertex are considered conversion candidates. Since the radius of curvature 
increases with increasing energy, higher momentum tracks are often compatible with 
coming from the primary as well as a secondary vertex. A Icr cut is necessary to keep 
background at a tolerable level, but it does limit the efficiency at high energies. 
If two oppositely charged conversion candidates are found with compatible de­
cay point parameters they are linked together to form one converted photon. The 
following selection criteria are imposed: 
1. The reconstructed photon conversion point is at a radial distance less than 34 
cm from the primary interaction region. 
2. At least one of the tracks has no associated point in front of the reconstructed 
mean conversion radius. 
3. The (f)  difference of both conversion points is at most SOmrad. 
4. The 6 difference of both conversion points is at most 15mrad. 
For those pairs fulfilling these criteria a is calculated in order to find the best 
combinations in cases where there are several candidates. A constrained fit is then 
applied to the electron-positron pair candidate which forces a common conversion 
point with zero opening angle and collinearity between the momentum sum and 
the line from the beam spot to the conversion point. The energy of the conversion 
electrons is slightly corrected for radiation losses by a factor that depends on the 
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amount of material between the conversion point and the entrance to the TPC. 
The reconstructed photons have an energy resolution of 1%, an angular resolution 
of 1.5 mrad in 6 and (f>, and a conversion radius resolution of 5 mm. The photon 
energy scale and angular resolutions can be verified by reconstructing 7r°'s in data 
and simulation (Figure 4.1). The fitted ir° peak positions are 135.2±0.2MeVjin 
the data and 134.8 ±0.2 MeV/c^ in the simulation, both in agreement with the world 
average 134.97 MeVfc^ [14]. The remaining energy scale uncertainty is thus limited 
to 0.4%. The low energy threshold is reliably modeled since it is determined only by 
geometry. An inclusive 7r° analysis has been completed at DELPHI [15] which agrees 
both with the simulation prediction and other LEP measurements [16]. In the 7r° 
analysis it was determined that the uncertainty on the converted photon acceptance 
is 7%. 
Inclusive B Meson Reconstruction 
The B mesons produced at LEP are a result of the decay of a Z° into b quarks 
and the b quarks pairing up with a light {u,d or s) antiquark in the hadronization 
process. Although this process is not well understood, the global variables that are 
important to this analysis are well modeled, as will be shown in the course of this 
analysis, by the event generator JETSET [17] using the string fragmentation model 
of Peterson et al [17], The predictions of JETSET for the B meson momentum 
spectrum and degree of collinearity between B mesons can be seen in Figures 4.2 and 
4.3. The predicted momentum spectrum of the B meson is peaked at 39 GeVfc with 
a mean value of ZlGeVjc which is consistent with other LEP measurements [18]. 
The B meson momentum reconstruction algorithm requires a determination of 
49 
O 350 
250 
200 
150 
100 
50 
0 
0.06 0.08 0.12 0.14 0.16 0.18 0.2 0.1 
M (rr) [ GeV/c^  ] 
Figure 4.1: All pairs of converted photons in each event are combined to produce 
the 7r° mass plot for data (points) and simulation (histogram). 
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Figure 4.2: The JETSET generator predicts a hard momentum spectrum for B 
mesons in decays. 
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30000 
20000 
10000 
0 (degrees) 
Figure 4.3: The JETSET generator predicts that the B mesons in a Z° decay are 
nearly collinear. The distribution of angles between B meson pairs, 0, 
reveals that half of the events are expected to be within 9° of collinearity. 
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the event thrust axis. The thrust, T, is defined as 
T — niax ^ , (4.2) 
' 2J«=i \Vi 1 
where the vector tTi which maximizes the sum is called the thrust axis. Both charged 
and neutral particles are used in the thrust calculation. Figure 4.4 is the spectrum 
of thrust values calculated for the data and simulation samples. Figure 4.5 compares 
the thrust axis distribution in cos0 for the data and simulation samples. Given 
the predicted B meson kinematics, the thrust axis represents the first order estimate 
of the B meson momentum direction. The thrust axis is used to divide each event 
into hemispheres; each hemisphere having rotational symmetry about the thrust axis. 
JETSET predicts that the rapidity, y, of the B mesons along the thrust axis is 
peaked at ±2.4, where the rapidity is defined as 
2/ = 0.51nf±4' (4-3) 
L - p {  
where p j  is the longitudinal momentum as calculated with respect to the thrust axis. 
Another prediction is that the B meson decay products have a gaussian distribution 
in rapidity space with a width of 0.8 units (Figure 4.6). Particles generated in the 
fragmentation process are predicted to peak at a rapidity of ±1.2 with a width of 1.0 
unit. The rapidity distributions for data and simulation can be seen in Figure 4.7. 
The B momentum reconstruction begins with a calculation of the rapidity for 
each particle with respect to the event thrust axis. Those particles whose rapidity 
is outside a window of ±1.5 are considered to be B meson decay products and are 
combined to form the initial estimate of the B meson momentum. The cut at ±1.5 
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Figure 4.4: Event thrust values calculated using charged and neutral particles. The 
simulation results are represented by the histogram, the data by points. 
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Thrust Axis Distribution in Cos0 
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Figure 4.5: The event thrust axis distribution in cos9. The simulation prediction is 
represented by the histogram, the data by points. 
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Figure 4.6: The rapidities reported are calculated against the event thrust axis. The 
predicted B meson rapidity distribution is represented by the solid line. 
The dashed line represents the B meson decay products. The particles 
generated in the fragmentation process are represented by the dot-dash 
hne. 
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Figure 4.7: Rapidity spectra for charged and neutral particles in the data and simu­
lation samples. The neutral particles in the data are represented by open 
boxes, the charged particles by open triangles, the combined charged and 
neutral particles by open circles. The simulation results are shown as 
histograms. 
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units of rapidity is dictated by the angular resolution of the B meson momenta in 
both the simulation and JETSET samples (Figure 4.8). 
The spectra of momenta assignments derived from the rapidity gathering algo­
rithm for data and simulation can be seen in Figure 4.9. The initial mean momentum 
assignment in the data is 31.8GeV/c. The simulation mean agrees with the data 
to 0.3%. The shape of the spectrum for the data is broader than that seen in the 
simulation. The origin of this difference is in the energy resolution of the simulation 
sample. Figure 4.10 is the hemispheric energy distribution for data and simulation. 
The reconstructed hemispheric energy distribution for data is broader in comparison 
with the simulation expectation and the difference in the mean energy reconstructed 
per hemisphere between data and simulation is 0.2%. 
The reconstructed mass for all the B meson candidates can be seen in Figure 
4.11. The data have a mean reconstructed mass of 4.56 GeVfc^, the simulation mean 
is 2.1% greater. This difference is a result of the low energy acceptance modeling 
in the HPC simulation. There are, on average, 0.8 more photons per event in the 
simulation than in the data. The excess photons lie in the low energy regime and do 
not have a measurable effect on the momentum assignment in the rapidity gathering 
algorithm. 
The rapidity spectra for the reconstructed B meson candidates can be seen in 
Figure 4.12. The data are peaked at ±2.54 units of rapidity. The simulation peaks 
at ±2.53. The discrepency in the mean is less then 0.4%. 
An estimate for the reconstructed B meson momentum resolution can be derived 
from the simulation sample (Figure 4.13). The momentum resolution distribution is 
not symmetric, reflecting the basic shape of the fragmentation function for B mesons 
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Figure 4.8: Rapidity cut versus the predicted B meson angular resolution for gener­
ator (boxes) and simulation (circles). The angular resolutions reported 
are the angles at which the angular resolution distibution plot for each 
•jjcut fell to one half the maximum value. This measure was used due to 
the inherent non-gaussian nature of space angle resolutions. 
59 
Reconstructed Momentum Distribution 
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Figure 4.9: Initial B meson momentum assignments made by combining all particles 
outside a rapidity window of ±1.5. The data is represented by circles 
with the simulation histogram overlay. 
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Figure 4.10: Reconstructed energy in each hemisphere for data (points) and simu­
lation (histogram). 
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Figure 4.11: The reconstructed mass distributions for data (points) and simulation 
(histogram). 
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Rapidity of Reconstructed B Candidates 
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Figure 4.12: The rapidity for each B meson candidate as calculated against the 
event thrust axis. The data are represented by points with the simu­
lation expectation histogram overlay. 
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Figure 4.13: Initial monnentum resolution for the B mesons in the simulation sam­
ple. 
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due to the diminished signal to noise ratio in the rapidity gathering algorithm for low 
momentum B meson events. The peak position is at -0.04%, the half width at half 
maximum, HWHM, on the underassigned (5P/P positive) side of the peak is 19% and 
the HWHM on the overassigned side {SPjP negative) is 27%. The estimated angular 
resolutions can be seen in Figures 4.14 and 4.15. The 9 resolution distribution for 
B meson events is symmetric with a HWHM of 25 mrad. Similarly, the 4> resolution 
distribution is also symmetric and has a HWHM of 20 mrad. 
Given the inclusive nature of the reconstruction technique there are B mesons 
that are not well reconstructed. Many of the poorly reconstructed B mesons can be 
removed by requiring that: 
1. a minimum energy of 22GeV is reconstructed in the rapidity gathering algo­
rithm (Figure 4.16); 
2. the reconstructed mass lies within ±2.5 GeVjc? of the peak in the reconstructed 
mass plot (Figure 4.18); 
3. the ratio of reconstructed hemispheric energy, Ehem, to beam energy, Ebeam, lies 
in the range 0.5 < x = EhemlEbeam. < 1-2 (Figure 4.17). 
Enforcing these cuts results in a loss of 22.4% in the simulation and 24.6% in the data 
statistics, reducing the bb sample to 213,070 events. The correlations in statistical 
losses between the three cuts can be seen in Table 4.1. The discrepancies in these 
numbers reflect the differences in the widths of the distributions in the three variables 
used in the cuts. 
The simulation sample shows a strong correlation between the B meson momen­
tum resolution, SP^'/Pg^ = {P^' — Pb^")IP^\ and the hemispheric energy ratio, 
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Figure 4.14: The 0 resolution distribution for B meson events in the simulation 
sample. 
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Figure 4.15; The (j)  resolution distribution for B meson events in the simulation 
sample. 
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Figure 4.16: Scatter plot of the initial momentum assignment made with the ra­
pidity gathering algorithm versus the B momentum resolution for the 
simulation sample. 
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Figure 4.17: Scatter plot of the initial momentum resolution versus the hemispheric 
e n e r g y  r a t i o ,  x .  
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Figure 4.18: Scatter plot of the initial momentum resolution versus the recon­
structed B mass relative to the peak position in the global recon­
structed mass spectrum. 
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Table 4.1: Correlations between the cuts used to enhance the B meson mo­
mentum resolution. Column one lists the cuts or combinations of 
cuts used; columns two and three show the percent changes in the 
data and simulation samples. Cut 1 is piniUai > 22GeVlc, cut 2 is 
abs{mrec - ITT'rlc'') < 2-5, and cut 3 is 0.5 < X = EhemlEbeam < 1.2 
Change in sample statistics due to cuts 
cuts data simulation 
1 -13.0% -14.0% 
2 -10.6% -9.8% 
1,2 -23.0% -21.2% 
3 -8.8% -7.6% 
1,3 -16.7% -15.0% 
2,3 -17.3% -15.6% 
1,2,3 -24.6% -22.4% 
X (Figure 4.17). After applying the cuts described above, the range of x was divided 
into 100 bins and the mean resolution was found for each bin and plotted as a func­
tion of X (Figure 4.19). A fit was performed using a fourth order polynomial in x to 
arrive at a correcting function, f{x). The function f{x) was then used to calculate a 
new estimate for the B meson momentum, Pg, where 
P^ = Pr-(1.0-/(x)). (4.4) 
This correction scales the momentum to enforce energy conservation on an event by 
event basis, compensating for global losses and gross energy over-assignments. 
The simulation sample shows a strong correlation between the reconstructed 
B meson mass, and the momentum resolution SPg/P^. The same technique 
was applied for this correction as with x correction. The allowed mass range was 
divided into 100 bins. The mean resolution was found for each bin and plotted as 
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Figure 4.19: Functional dependence of the momentum resolution as a function of 
the hemispheric energy ratio, x, fit with a fourth order polynomial. 
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a function of mg" - mg"" (Figure 4.20). The choice of relative reconstructed mass 
eliminates the effect of the HPC low energy acceptance modeling in the simulation. A 
fit was performed using a fourth order polynomial in to arrive at the correction 
function,  This function was used to arrive at  the final  est imate of the B 
meson momentum, Pg"*, where 
Pr = ^'B-(1-0-/KB"))- (4.5) 
As can be seen in Figure 4.20, the correction based on is small but is based on 
a simple observation - an underweight B meson is obviously missing some energy, an 
overweight B meson has been assigned too much. The results of the reconstruction 
steps on the B meson momentum resolution can be seen in Figure 4.21. The result 
of the corrections is a J5 meson momentum resolution of 7.25% for 73% of the events 
in the simulation. 
Applying the reconstruction algorithm to the global samples results in the mo­
mentum spectra in Figure 4.22. The mean momentum assignment in the simulation 
is 35.78GeV/c and is 35.76GeV/c in the data. The RMS is 3.870GeV/c in the 
simulation and 3.972 GeV/c in the data. 
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Figure 4.20: Functional dependence of the momentum resolution as a function of 
the reconstructed mass relative to the peak position of the global re­
constructed mass spectra. 
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Figure 4.21: Comparison of the B meson momentum resolution in the simulation 
sample at three different stages in the B reconstruction scheme. The 
dotted line is the initial B meson momentum resolution distribution 
before any cuts. The dashed line is the distribution after the cuts and 
prior to any scaling. The solid line is the distribution after scaling. 
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Figure 4.22: Assigned momenta spectra in data (points) and simulation (his­
togram). 
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Mean Hyperfine Splitting in the B Meson Sector 
The mean hyperfine splitting in the B meson sector is measured by combining 
the inclusively reconstructed B meson candidates with all the converted photons 
in each candidate's event hemisphere. The mass for each pair, or B* candidate, is 
calculated and the assigned B meson mass subtracted from it to arrive at a J5* — 5 
mass difference plot. The mass difference distribution is fit with shapes generated by 
simulation in order to arrive at the mean hyperfine splitting value in the B meson 
sector. A measurement of the relative cross section ratio of B* mesons to Z° —> 66 
events will be detailed in the section following this one. 
Figure 4.23 is a plot of the mass difference distribution for data and simula­
tion. The simulation prediction is based on a B meson hyperfine splitting value 
of 46.5 MeK. The combinatorial background is primarily due to photons from 7r° 
decays that were combined with the reconstructed B meson. The component of the 
background that arises from non-7r° sources is small and featureless. 
The mass difference distribution is fit with the signal and background shapes 
produced in the simulation sample. The noise on these shapes is minimized by 
utilizing a smoothing algorithm [19]. Figure 4.24 shows the simulation data and its 
smoothed representation. Figure 4.25 shows the simulation background data and 
its smoothed representation. In order to fit the data, a procedure is used that 
manipulates the hyperfine splitting value for the B' By decay in the simulation 
thus producing any number of samples that are identical in every respect except in 
the hyperfine splitting value. One advantage to this method is that the hyperfine 
splitting value can be fit directly. 
The hyperfine splitting value adjustment is accomplished in the simulation by 
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Figure 4.23: Mass difference spectra for data (points) and simulation (histograms). 
The points are data, the solid histograms represent the simulation sig­
nal and background, and the shaded histogram is the predicted com­
ponent to the background that originates from sources other than 7r° 
decays. 
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Figure 4.24: The points are the simulation signal data and the histogram overlay is 
the result of smoothing those data. 
79 
Result of Smoothing Simulation Background 
i3 
C V > 
"O 
c 
bO 
u CQ CQ 
U-4 O 
u V 
X) 
£ 
400 
200 
0. 0 0.02 0.04 0.06 0.08 0.1 
Mass Difference (MeV) 
Figure 4.25: The points are the simulation background data and the histogram over­
lay is the result of smoothing those data. 
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first calculating the measurement residuals in B momentum, photon energy and the 
angle between the B meson and the photon on an event by event basis. The generator 
information allows one to boost back into the B* rest frame where the hyperfine 
splitting value, or Q value, can be modified leaving the directional information of 
the decay intact. Then the new decay is boosted back into the lab frame and the 
measurement residuals are added back in. This method effectively calculates the mass 
difference signal distribution (including non-gaussian tails) for any hyperfine splitting 
hypothesis not only with the DELPHI detector response folded in but also any effects 
due to B reconstruction schemes. This technique is inherently robust, allowing cuts 
and B reconstruction methods to be dramatically varied without having to model 
new shapes. 
A two parameter fit is performed on the distribution of the mass differences 
derived from the data. The two parameters are the Q value and the number of signal 
events, N^. The shapes derived from the simulation sample are normalized to unity 
and the fit is constrained to respect the number of entries in the data distribution, 
K£', in the calculation -
- {Ns • 5' + - iV,). B') ^2 j ^ daia V's " ' V.-' dgia '-> ) J 2 
^data 
where 5' and B' are the i"" bin contents of the signal shape and background shape 
histograms. The result of the fit to the data is shown in Figure 4.26. The best 
values based on the minimum ^re 
Q = 46.48 MeV (4.7) 
N, = 1529 . (4.8) 
A plot of x^ vs Q is shown in Figure 4.27 with fixed at its fitted value. The 
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Figure 4.26: The mass difference plot for data is fit with smoothed simulation 
shapes. 
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Figure 4.27: Behavior of x^(Q) and the parabolic fit used to estimate the fitting 
error on Q. 
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function X^iQ) 's not parabolic in Q. The combination of binning effects and smooth­
ing of the simulation shapes is responsible for the behavior of X^(Q)- Performing a 
parabolic fit to x^(Q) in AMeV region about the minimum results in 
The errors in the least squares fit of X^{Q) to a parabola allow for an assignment of the 
systematic errors due to the non-analyticity of the shapes. This error is ±0.012 MeV 
and is small compared to the overall fitting error of ±0.3 MeV and will be considered 
negligible for the rest of the analysis. 
The correlations between Ng and Q can be seen in the constant contour plot 
in Figure 4.28. The x^ surface has been smoothed, removing the systematic effects 
of the shapes. The contours agree with the parabolic estimate of the fitting errors 
and show that there is only a mild correlation between the two fitting parameters. 
This correlation will be neglected for the rest of this analysis. The mild correlation 
allows the hyperfine splitting analysis and the relative cross section measurement to 
be completed independently. 
Assignment of the systematic errors begins with the expression for the mass 
difference expressed in measured variables: 
The systematic error associated with the angle between the B meson and the photon, 
0, will be neglected due to the fact that the bias associated with the transition photon 
has a maximum of 46.5 MeV in transverse momentum against a mean B meson 
momentum assignment of 32 GeV/c and a predicted angular resolution of SOmrad. 
Q =46.5 ±0.3 MeV . (4.9) 
L\M{B' -B) = £'^7b(1 - /?cos0) . (4.10) 
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Figure 4.28: Icr interval contours in the N^-Q plane. 
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The systematic error asssociated with the photon energy calibration has been 
derived from the fitting error on the tt" peak generated by combining the converted 
photons in the data sample (Figure 4.1). The systematic error assigned to the photon 
energy is ±0.4% and since the B* — B mass difference is linearly dependent on the 
photon energy an uncertainty of ±0.4% in the mass difference will be assigned due 
to the photon energy calibration. 
The systematic error due to the B meson energy calibration has its origin in 
the differences between the predicted fragmentation function for the B mesons and 
the true fragmentation function. During the B meson momentum reconstruction 
algorithm, only small differences (< 1%) were found between the data and simulation 
energy and momentum spectra. A measurement exists [18] for the mean B meson 
energy in the Z° data that resulted in a mean energy of 32 GeV, which agrees with the 
simulation used in this analysis, with an uncertainty of 1.8%. Since the distributions 
comparing the simulation and data are in agreement in this analysis, the quoted 1.8% 
uncertainty in the mean B meson energy will be used to assign a systematic error 
in the fitted Q value due to the fragmentation function. The measurement error 
on the mean B meson energy translates into a error of 0.9% in the Q value and was 
calculated by artificially separating the data and simulation by the mean energy error 
and performing the fits to the data. Combining the errors for the B meson energy 
assignment and the photon energy calibration one arrives at a systematic error of 
0.98%. 
There are four other possible sources of systematic error on this measurement. 
The shapes used to fit the data were derived from the simulation and those shapes 
are dictated, primarily, by the fragmentation function in the simulation. The photon 
resolution is also included in the shape but is well represented in the simulation as 
can be seen in the tt® plot in Figure 4.1. In order to make an assignment for the 
error associated with the choice of shapes, the analysis has been performed using 
several B meson momentum reconstruction techniques. Figure 4.29 show the results 
of using four different techniques to assign the B momentum including the optimized 
technique developed in this thesis. The four reconstruction schemes are as follows: 
1. the B meson momentum is assigned using the reconstruction method outlined 
in this chapter and smoothed simulation shapes (represented as solid circles in 
Figure 4.29), 
2. the B meson momentum is assigned using the reconstruction method outlined 
in this chapter and unsmoothed simulation shapes (open circles), 
3. the B meson momentum assigned is equal to the initial momentum estimate 
made by the rapidity gathering algorithm but prior to any scaling (up triangle), 
4. the B meson energy assigned is A2GeV (box), 
5. the B meson energy assigned is 32 6^6^ (down triangle). 
These assignment schemes were chosen to insure that a broad range of B momentum 
resolutions were covered as well as a broad range of offsets in the resolution peaks 
regardless of the actual fragmentation function. The Q values in Figure 4.29 are 
shown along with their statistical errors and show that the four schemes are in agree­
ment and that there are no systematic effects due to the smoothing of the simulation 
shapes that are used to fit these data. Adding the systematic errors to the typical 
fitting errors (1%) renders the Q values in complete agreement. The systematic error 
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Figure 4.29: Behavior of Q using different B meson momentum reconstruction 
schemes. The gray band represents the uncertainty in the measurement 
and was derived by adding the statistical and systematic uncertainties 
in quadraure. 
88 
based on shapes is clearly small and will be considered negligible in quoting a final 
result. 
Figure 4.30 is a plot of the Q values found using a variety of cuts on the hemi­
spheric energy ratio, Xehem, as a function of b-tagging probability using the optimized 
B meson momentum reconstruction technique. The choices of cuts used to test 
the stability of the results in this cut are: 
1. 0.5 < a: < 1.2 (represented as circles in Figure 4.29), 
2. 0.6 < a: < 1.1 (boxes), 
3. 0.7 < a; < 1.0 (up triangles), 
4. 0.75 < X < 0.95 (down triangles). 
The distribution of points are stable as a function of b-tagging probability with 
the differences increasing as the sample statistics get smaller. Considering that the 
quoted Q measurement has been measured from the largest sample, the systematic 
error associated with the hemispheric energy ratio cut will be neglected. 
The mass window about the reconstructed B meson mass peak was set to 
±2.5 GeVIc^ in the B meson reconstruction algorithm and was based on the res­
olution for the B meson momentum in the simulation sample. Changing the window 
size, without changing the momentum assignment algorithm, results in no significant 
changes in the quoted Q value. Figure 4.31 is a plot of the Q values as a function of 
b-tagging probabilities using the following five different reconstructed B meson mass 
windows: 
1. peak ±4.0Gel^/c^ (represented as solid circles in Figure 4.31), 
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Figure 4.30: Behavior of Q as the cut on the hemispheric energy ratio is modified. 
The gray band represents the uncertainty in the measurement and 
wag derived by adding the statistical and systematic uncertainties in 
quadraure. 
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2. peak ±2.5GeV7c^ (boxes), 
3. peak ±2.0GeV/c^ (up triangles), 
4. peak ±1.5GeV/c^ (down triangles), 
5. peak ±1.0GeV/c^ (open circles). 
No systematic error will be assigned due this cut. 
The cut on the initially reconstructed B meson energy for this analysis is 22 GeV. 
The analysis was also completed using five different values for this cut, again, without 
changing the B meson reconstruction algorithm. The values used were: 
1. Eg* > 22GeV (depicted as solid circles in Figure 4.32), 
2. E'g' > 28 GeV (boxes), 
3. Eg' > 32GeV (up triangles), 
4. E'g' > 34GeV (down triangles), 
5. Eg' > 36 GeV (open circles). 
The effect of this cut on the Q value as a function of b-tagging probability can be 
seen in Figure 4.32. The values agree to within the quoted fitting errors. When 
the systematic error for the B energy is considered along with the fitting errors in 
the comparison of the Q values, the effect due the E'g' cut is small and will also be 
neglected. 
The result of this analysis yields a value of 
Q = 46.5 ± 0.3{stat) ± 0.5{sys) MeV (4.11) 
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Figure 4.31: Behavior of Q as the cut on the B meson reconstructed mass is changed. 
The gray band represents the uncertainty in the measurement and 
was derived by adding the statistical and systematic uncertainties in 
quadraure. 
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Figure 4.32: Behavior of Q for different cuts on the initially reconstructed B energy. 
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for the hyperfine splitting in the B meson sector. This result agrees with the pre­
vious measurements of the B meson hyperfine splitting, CUSB [1] (52 ± 2 {stat.) ± 
4{syst)MeV), CUSB2 [2] (45.4 ± 1.0 MeV), and CLE02 [3] (46.2 ± 0.3 {stat.) ± 
0.8 (syst.) MeV). 
There are three flavors of B mesons produced at LEP - the charged B meson (6u), 
the neutral B meson (6J), and the strange B meson (61). The relative production 
ratios are predicted to be 3:3:1 respectively [14]. Given the inclusive nature of the 
B meson momentum reconstruction scheme used in this analysis, separation of the 
different B mesons is impossible. Measurement of the hyperfine splitting in this 
analysis is therefore an average over the three flavor states. 
B* Cross Section Ratio at LEP 
This section details the measurement of the cross section ratio o-B'l(^z-*bb the 
Z° pole. The number of signal events found in the fit to the data in the previous 
section, along with the statistics of that sample, is the basis of this measurement. 
The cross section ratio can be recast to show the dependence on observables and 
efficiencies. Multiplying the cross section ratio by 1 yields 
CB- crj. ^ Afff-' 
crz°-*bb ^ ^z°-^bb ^z°^bb 
where is the total number of B" mesons in the DELPHI data sample and 
N^z°^bb number of b flavored Z° decays. 
The number of signal events in the fit to the data, , was determined in 
the previous section: 
iVe'r"' = 1529 ± 54 , 
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where the error quoted is the fitting error which includes all statistical considerations. 
The number of signal events observed can be expressed as 
• e-y • €(,5 • Chad * ^Brec , (4-13) 
where is the photon efficiency, is the b-tagging efficiency, Chad is the hadronic 
selection efficiency, and CBrec is the efficiency of the cuts used in the B meson mo­
mentum reconstruction algorithm. 
The number of Z° —> bb events in the analysis sample, can be expressed 
as 
JVjrS = KZli • ns . (4-14) 
where is the number of hadronic events in the analysis sample and V^i is 
the bb purity of the analysis sample. The number of Z° —> bb events in the analysis 
sample, is also related to the total number of Z° —> 66 events at DELPHI, 
through the equation 
• 'ii • 'Br„ • e/,.j . (4.15) 
Using Equations 4.14 and 4.15, the total number of —v bb events at DELPHI can 
be expressed as 
p^sample _ /p _ 
^bb ' ^Brec ' ^had 
So the cross section ratio is 
* (4.17) as. Ng!'' N^r'' 1 
Equation 4.17 allows for a calculation of the systematic errors associated with the 
simulation expectations for and 'Pbb- The two sources of systematic error are 
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independent and will be combined in quadrature to arrive at the estimated systematic 
error in the cross section ratio due to these numbers. 
The photon efficiency has been determined to be correct within ±7% in an in­
clusive 7r° cross section measurement [15]. The b-tagging purity has been determined 
to be ±5% in a measurement of the Ftj/r^iad cross section ratio [12]. These errors 
combine for a sytematic error of 8.6%. 
The sytematic errors associated with the cuts and assumptions used in the B me­
son momentum reconstruction algorithm can be estimated by comparing the results 
of complete analyses that utilized different cuts and algorithms. A plot of the cross 
section ratio as a function of b-tagging probability for four different B reconstruction 
schemes can be seen in Figure 4.33. The four reconstruction schemes are as follows: 
1. the B meson momentum assigned using the reconstruction method outlined in 
this chapter (represented by solid circles in Figure 4.33), 
2. the B meson momentum assigned is equal to the initial momentum estimate 
made by the rapidity gathering algorithm but prior to any scaling (up triangles), 
3. the B meson energy assigned is 42GeV (boxes), 
4. the B meson energy assigned is 32GeV' (down triangles). 
These assignment schemes were chosen to insure that a broad range of B momentum 
resolutions were covered as well as a broad range of offsets in the resolution peaks 
regardless of the actual fragmentation function. The cross section ratio is stable 
with respect to the B reconstruction method and shows only a slight dependence on 
the b-tagging probability. The cross section ratios agree to within statistical errors. 
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Armed with this information and the behavior of the relative cross section in Figure 
4.33, the errors associated with the simulation shapes used to fit the data will be 
neglected. 
The B meson momentum reconstruction algorithm utilized a B meson mass 
window to select events for reconstruction. The reconstructed B meson mass window 
has been varied in order to test the stability of the cross section measurement with 
respect to this cut while using the optimized reconstruction algorithm. Figure 4.34 
is the result of these analyses. The reconstructed B meson mass window was varied 
as follows: 
1. peak ±4.0 GeV/c^ (represented by solid circles in Figure 4.34), 
2. peak ±2.5 GeV/c^ (boxes), 
3. peak ±2.0GeV'/c^ (up triangles), 
4. peak ±1.5GeV/c^ (down triangles), 
5. peak ±1.0GeV/c^ (open circles). 
The total error is shown in Figure 4.34 for comparison and due to the level of agree­
ment, specifically at larger b-tagging probabilities, the systematic error associated 
with this cut will be considered negligible. 
The initial energy cut used in the B reconstruction scheme has been varied over 
a broad range (Figure 4.35). The value of this cut was varied as follows: 
1. > 22GeV (represented by solid circles in Figure 4.35), 
2. > 28 Gel/ (boxes). 
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Figure 4.33: The cross section ratio crB'l(^z-*hl behavior in b-tagging probability 
cut The gray band represents the uncertainty in the measurement and 
was derived by adding the statistical and systematic uncertainties in 
quadraure. 
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Figure 4.34: Behavior of cross section ratio for different reconstructed B meson mass 
window selections. The gray band represents the uncertainty in the 
measurement and was derived by adding the statistical and systematic 
uncertainties in quadraure. 
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3. Eg* > 32GeV (up triangles), 
4. Eg' > 34GeV (down triangles), 
5. Eg' > 36GeV (open circles). 
Stability at large b-tagging probabilities is observed. No further error will be assigned 
due to this cut. 
The hemispheric energy ratio, x, was also used in a cut to refine the momentum 
resolution in the B reconstruction method. Figure 4.36 is a plot of the results of 
analyses completed using a wide variety of cuts in x. The choices of cuts used were: 
1. 0.5 < X < 1.2 (represented by circles in Figure 4.36), 
2. 0.6 < a: < 1.1 (boxes), 
3. 0.7 < X < 1.0 (up triangles), 
4. 0.75 < X < 0.95 (down triangles). 
The cross section ratio values converge at large b-tagging probability and basically 
reflect the differences in the energy resolution for the data and simulation. No further 
systematic errors will be assigned due to the choice of x cuts. 
The final result for the relative cross section of B* mesons to —> bb events is 
O' r* 
—^ = 1.31 ±0.05(5iaO±0-12(5?/s) . (4.18) 
'^Z°-*bb 
Comparison of this result with the value expected when considering 6-baryon pro­
duction and equipartition (see Equation 1.10) shows that the production ratio of B' 
mesons in higher order B meson decays to higher order B meson decays that have 
no B' in them is consistent with 0.75. 
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Figure 4.35: Behavior of cross section ratio for different cuts on the initially recon­
structed B meson energy. The gray band represents the uncertainty 
in the measurement and was derived by adding the statistical and sys­
tematic uncertainties in quadraure. 
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Figure 4.36: Behavior of cross section ratio for different cuts on the hemispheric 
energy ratio. The gray band represents the uncertainty in the mea­
surement and was derived by adding the statistical and systematic 
uncertainties in quadraure. 
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CHAPTER 5. SUMMARY 
In conclusion, B* decays have been identified from a peak in the B^-B mass 
difference plot using an inclusive B reconstruction method and converted photons. 
The mean (averaged over Bd and Bs) mass difference has been measured to be 
46.5 ± 0.3{stat) ± Q.5{syst) MeV. The cross section ratio of B* mesons to —> bb 
decays has been measured to be 1.31 ± 0.05(s<af) ± 0.12(sysf). 
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